INTRODUCTION
Ground water is the major source of water supply in Lee County, southwest Florida. Through the years, land use changed in the county from an undeveloped coastal plain to an agricultural area. The agricultural era of the first half of the 20th century led to drilling many deep (about 400-1,200 feet), flowing artesian wells that tap the lower Hawthorn aquifer, Suwannee aquifer, or both aquifers for crop irrigation purposes. In the second half of the 20th century, land use in Lee County shifted from agricultural to residential. New residents tried using water from the old agricultural wells for domestic supply, but found that chloride concentrations in the water ranged from about 500 to 1,000 mg/L (milligrams per liter), which exceeded the drinking water standard of 250 mg/L (U.S. Environmental Protection Agency, 1983) . To meet the demand for potable water, shallower wells were drilled into the mid-Hawthorn aquifer, which contained water with "acceptable" chloride concentrations-from about 80 to 150 mg/L (Boggess and others, 1977, p. 1) .
Over the years, problems resulted from development and utilization of the ground water from the mid-Hawthorn aquifer. Water quality deteriorated in some parts of Lee County and had the potential for deterioration in other areas. These problems resulted from a lack of knowledge of the subsurface flow systems when the early irrigation wells were drilled and from well-casing corrosion over time. Saline-water intrusion has occurred because: (1) agricultural wells drilled to tap or penetrate the deep saline aquifers were hydraulically connected through open wellbores or, more recently, by corroded well casings to the overlying freshwater-bearing mid-Hawthorn aquifer; and (2) the head in the mid-Hawthorn aquifer at the well site is below that in the hydraulically connected underlying lower Hawthorn and Suwannee aquifers.
Saline-water intrusion in the mid-Hawthorn aquifer eventually became an apparent threat to the fresh groundwater supply in Lee County. In August 1979, the South Florida Water Management District (SFWMD) began a program to plug about 2,000 deep artesian wells with short or corroded casings in Lee County. In 1984, the U.S. Geological Survey, in cooperation with SFWMD, conducted a pilot study to determine the effects of the well-plugging program on chloride concentrations in water from the mid-Hawthorn aquifer.
Purpose and Scope
The purpose of this report is to describe the geohydrology of the aquifer systems in Lee County and the effects of the well-plugging program to reduce interconnection of these systems. The report presents the geohydrologic framework; well inventory data including well number, well-completion details, specific conductance measurements and chloride concentrations, aquifer designation, and date a particular deep well was plugged; and trends in chloride concentrations in water from wells completed in the mid-Hawthorn aquifer since the completion of well plugging.
Description of Study Area
The study area encompasses about 22 mi2 (square miles) in central Lee County and is delineated by the northern and southern boundaries of Township 45 south, State Road 41 to the east, and the Caloosahatchee River to the west ( fig. 1 ). This area was selected because it has a high density of wells, which can provide information on the effects of the well-plugging program. deteriorated pumps, or the declining heads. As a result, not all of the inventoried wells could be resampled.
Identification of the aquifer to which a well was drilled was difficult and involving. Techniques such as examination of lithologic logs, geophysical logs, and records of heads and well depths and communication with the owner were used. Several inventoried wells were deleted from this report because it could not be determined whether the well tapped the mid-Hawthorn aquifer or a shallower aquifer.
Methods of Data Collection
Water samples were collected from both old and new inventoried wells and were analyzed for chloride concentration and specific conductance. Some old wells were plugged or abandoned because of the nigh-chloride concentration in the water; others are no longer in use because of the availability of a municipal water supply,
Previous Investigations
Previous investigators that have reported on well plugging, its effects, and procedures in Lee County are most notably Boggess (1973) and Burns (1983) . Investigations concerning saline-water intrusion from deep artesian sources in southern Florida have been conducted by Sproul and others (1972) and Fitzpatrick (1982; . 
GEOHYDROLOGIC FRAMEWORK Surflcial Aquifer System
The upper 1,200 feet of sediments in the study area ( fig. 2 ) comprise the surficial aquifer system, intermediate aquifer system, and upper part of the Floridan aquifer system (Southeastern Geological Society Ad Hoc Committee on Florida Hydrostratigraphic Unit Definition, 1986). These three aquifer systems include the following locally recognized aquifers that yield water for public supply, irrigation, industrial, and domestic uses: the surficial aquifer, sandstone aquifer, mid-Hawthorn aquifer, lower Hawthorn aquifer, and Suwannee aquifer (upper part of the Floridan aquifer system). The relation of the local aquifers to the hydrostratigraphic units is shown in figure 2.
The surficial aquifer system, as the name implies, is the permeable geohydrogeologic unit exposed at land surface. It mostly consists of unconsolidated to poorly indurated clastic deposits of Pliocene, Pleistocene, and Holocene age ( fig. 2) . The surficial aquifer system underlying the study area contains the water table and water within it is mainly unconfined.
The surficial aquifer, previously termed the water-table aquifer, is the only water-bearing unit within the surficial aquifer system in the study area. The surficial aquifer is composed of undifferentiated deposits; that is, primarily unconsolidated fine-to medium-grained quartz sand with interbedded sandy-limestone and shell units. The thickness of the aquifer ranges from about 5 to 30 feet. Heads in wells tapping the surficial aquifer vary seasonally, generally from altitudes of 5 to 6 feet above sea level in high areas (May to October) to altitudes of 2 to 3 feet in low areas (November to March).
Intermediate Aquifer System
The top of the intermediate aquifer system consists of a regionally extensive, confining, silty, green clay and coincides with the base of the surficial aquifer system ( fig. 2) . The base of the intermediate aquifer system is at the top of the permeable carbonate section that comprises the Floridan aquifer system where clastic layers of substantial thickness are absent and permeable carbonate rocks are dominant. The aquifers in the intermediate aquifer system contain water under confined conditions and are, in order of increasing depth: the sandstone aquifer, the mid-Hawthorn aquifer, and the lower Hawthorn aquifer.
Sandstone Aquifer
The sandstone aquifer is composed of gray, calcareous sandstone and loose quartz sand that grades downward in places into a sandy limestone. The top of this confined aquifer occurs between 50 and 85 feet below land surface, and its thickness ranges from a few feet to about 25 feet ( fig. 2) . The thinness and clastic nature of the aquifer cause its yield to be low.
Recharge to the sandstone aquifer in most of Lee County occurs by way of leakage from the surficial aquifer through the confining layer that separates the aquifers (Boggess and Watkins, 1986 ). In the low-lying part of the study area, however, such as along the Caloosahatchee River, no downward recharge occurs because the potentiometric surface of the sandstone aquifer is equal to or higher than the water table in the surficial aquifer.
Mid-Hawthorn Aquifer
The mid-Hawthorn aquifer, previously termed the upper Hawthorn aquifer by the U.S. Geological Survey, is composed of gray-white phosphatic limestone and occurs in the Hawthorn Formation of Miocene age ( fig. 2) . The mid-Hawthorn aquifer and the sandstone aquifer are separated by 30 feet or more of a confining layer of sandy, phosphatic marl and marly, phosphatic limestone. The top of the mid-Hawthorn aquifer is overlain by an erosional layer, the locally named "rubble zone," which consists of a mixture of phosphate nodules, quartz sand, clay, lime mud, shells, and sharks teeth. The top of the aquifer occurs between 105 and 150 feet below land surface, and the base occurs between 200 and 300 feet below land surface.
Recharge to the mid-Hawthorn aquifer occurs northeast of the study area. In that area, the mid-Hawthorn aquifer and the surficial aquifer are in contact or, as with the sandstone aquifer and surficial aquifer, leakage occurs across the confining bed separating them (figs. 3 and 4).
The mid-Hawthorn aquifer is the principal source of water for domestic supply where there is no municipal supply available and is a major source of supply for irrigation water. The Cypress Lake Well Field, located in the vicinity of College Parkway and U.S. Highway 41 ( fig. 1) , has curtailed its use of the mid-Hawthorn aquifer for municipal supply since 1975 because of a steady decline in heads in the aquifer (fig. 5 ). The Green Meadows Well Field (not shown) that taps the sandstone aquifer has now replaced the Cypress Lake Well Field as the source for municipal supply in central Lee County.
Lower Hawthorn Aquifer
The lower Hawthorn aquifer is comprised of the lower part of the Hawthorn Formation and the upper part of the Tampa Formation, consisting of gray-white, yellow, and tan phosphatic limestones ( fig. 2 ). The aquifer is about 170 feet thick, but many clay stringers are evident throughout, and as a result, the water-yielding part is less than 100 feet thick in places. The top of the aquifer, which is overlain by a thick sequence of clay, generally occurs about 400 feet below land surface, and the aquifer is underlain by a thick sequence of light-tan clay. Recharge to the lower Hawthorn aquifer occurs northeast of the study area where the upper confining unit pinches out and the mid-Hawthorn aquifer is in contact with the lower Hawthorn aquifer (fig. 4) .
The lower Hawthorn aquifer has sufficient permeability and high enough heads to provide a natural flow of saline water at 300 to 500 gal/min (gallons per minute) to large-diameter wells (Sproul and others, 1972) . The artesian flow was a major source of water for irrigation of citrus groves, flower farms, truck crops, and livestock watering. Although the amount of water available from the lower Hawthorn aquifer is abundant, water from this aquifer contains chloride in concentrations that exceed 250 mg/L; thus, lower Hawthorn water is not desirable for domestic use. However, Lee County presently has three water companies (Island Water Association-Sanibel, Cape Coral Utilities, and Greater Pine Island Water Association) that use saline water from the lower Hawthorn aquifer to feed their reverse-osmosis desalinization plants.
Floridan Aquifer System
The term "Floridan aquifer system" replaces the term "Floridan aquifer," which had previously been applied to this unit (Miller, 1986) . In the Floridan aquifer system, one or more aquifers can be designated on the basis of vertical variations in water-bearing properties. Only the uppermost part of the aquifer system, the locally called Suwannee aquifer, is of interest in the study area ( fig. 2) .
The Suwannee aquifer consists of a tan limestone that contains quartz-sand beds of Oligocene age and no phosphorite ( fig. 2 ). The aquifer is confined above and below by relatively impermeable beds of clay and marly limestone. The Suwannee aquifer is readily identified on gamma-ray logs by its low radioactivity and from test-hole data by the absence of phosphorite. Wedderburn and others (1982) indicated that the top of the Suwannee aquifer occurs between 650 and 725 feet below sea level, and Sproul and others (1972) indicated that the thickness of the aquifer is about 100 feet.
Recharge Jo the Suwannee aquifer occurs north to northeast of the study area in central Florida (Cooke and Mansfield, 1936) . The permeability and natural flow characteristics of the aquifer are similar to those of the lower Hawthorn aquifer. Generally, wells that were drilled into the Suwannee aquifer were short cased (that is, wells were usually completed with only a short length of casing through unconsolidated sediments near land surface), and the open wellbores hydraulically connect the Suwannee aquifer and lower Hawthorn aquifer. In recent years, the Suwannee aquifer has also been used as a source of water to feed reverse-osmosis desalinization plants.
SALINE-WATER INTRUSION
Saline-water intrusion, which is responsible for the increased chloride concentrations in water from the mid-Hawthorn aquifer, is defined herein as the upward flow of saline water through open wellbores of deep artesian wells, with short or corroded casings, in areas where the head of the deeper aquifer is greater than that of the midHawthorn aquifer. This saline water spreads laterally through the mid-Hawthorn aquifer. The highest chloride concentrations in waters from the mid-Hawthorn aquifer are found near the deep wells. Chloride concentrations in water from mid-Hawthorn wells decrease, with increasing distance, from the deep wells. The lateral spread of saline water in the intermediate aquifer system is controlled in part by head gradients, permeability distribution, and subsurface barriers. The increased water use and the resulting declining heads of the mid-Hawthorn aquifer during the 1970's led to increasing concern and attention to the problem of salinewater intrusion, particularly in southwest Florida. In 1979, the SFWMD began a well-plugging program in an attempt to remedy this problem.
ANALYSIS OF WELL-PLUGGING PROGRAM
Historically, land owners attempted to stop artesian flow from deep wells by jamming a cypress log into the well casing at land surface. This method stopped the flow at land surface but did not stop the interaquifer flow and has since been discontinued. Filling the wellbore with cement, either fully ( fig. 6 ) or with bridging plugs between the aquifers, is the method currently used to plug wells. Plugging the deep artesian wells with short or corroded casings stops water flow between the deep saline aquifers and the shallow freshwater aquifers. This can eliminate or greatly reduce the degradation of the water quality of the freshwater aquifers as shown by Boggess and others (1977) in areas near flowing wells.
Effects of Plugging
Data were collected for 635 wells in the study area (pi. 1, figs. 7-9, table 1). Of this total, 211 wells were designated as tapping the lower Hawthorn or Suwannee aquifers. Of the 211 wells that tap the deeper aquifers, 35 were known to be plugged prior to 1979 when the SFWMD began its plugging program, and 82 wells were plugged between 1979 and 1985. The SFWMD is continuing its well-plugging program and plans to plug the 94 remaining wells with short or corroded casings.
Many factors make it difficult to assess regional trends of water quality in relation to well plugging. Some of these factors are noted and discussed below.
Water intruding into the mid-Hawthorn aquifer. From the deep saline aquifer wells the volume of water is small in comparison to the volume of water contained in the mid-Hawthorn aquifer. Spacing of the deep saline aquifer wells. Where many deep aquifer wells are clustered together, the extent of saline-water intrusion is increased.
Time required to reverse a long-term trend of saline-water intrusion.-ln some areas, saline-water intrusion has been occurring for more than 50 years. The response to stopping saline-water intrusion by plugging the responsible well is not immediate, and it may take years for the mid-Hawthorn aquifer to become fresh again.
Few wells completed in the mid-Hawthorn aquifer where
water is highly saline due to saline-water intrusion.-Land owners, preferring not to use saline water for domestic supply or irrigation purposes, abandoned or plugged the mid-Hawthorn aquifer wells, and few mid-Hawthorn wells are drilled in areas of known saline-water intrusion.
As a result, the number of wells available to monitor the effects of plugging a deep well is greatly reduced.
McCregor Isles
One area in which saline-water intrusion has been of particular concern is in the vicinity of McGregor Isles, a residential community along the Caloosahatchee River ( fig. 1 ) on the western edge of the study area. This area has many wells that tap the mid-Hawthorn aquifer. Water from these wells, once used for domestic supply, is now used only for lawn irrigation. Many deep wells were drilled in the lower Hawthorn aquifer and Suwannee aquifer when the area was first cultivated for agricultural purposes. Boggess and others (1977) previously cited this area as an example of extensive saline-water intrusion from deep wells.
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SUMMARY AND CONCLUSIONS
A well-plugging program was begun by the SFWMD in August 1979. The program, which constituted the plugging of numerous deep artesian wells with short or corroded casings, was designed to reduce saline-water intrusion to the surficial aquifer, the sandstone aquifer, and the mid-Hawthorn aquifer. In October 1984, the U.S. Geological Survey, in cooperation with the SFWMD, conducted an investigation to determine the effects of the well-plugging program in central Lee County. The following are the results:
Of the 211 deep artesian wells with short or corroded casings inventoried within the study area, 35 wells were plugged prior to the start of the well-plugging program in 1979, and 82 wells were plugged between 1979 and 1985. The SFWMD is continuing its well-plugging program and plans to plug the 94 remaining deep wells.
The overall effects of the program on a regional scale are inconclusive due to the short sampling period of the investigation and the slow movement of water through the aquifers.
There has been some freshening of water in mid-Hawthorn aquifer wells in the vicinity of plugged deep wells in McGregor Isles.
